The objectives were to evaluate effects of maternal nutrient restriction and stage of gestation on maternal and fetal visceral organ mass and indices of jejunal growth and vascularity in beef cows. Thirty multiparous beef cows (BW = 571 ± 63 kg; BCS = 5.4 ± 0.7) carrying female fetuses (d 30 of gestation) were allocated to receive a diet of native grass hay (CON; 12.1% CP, 70.7% IVDMD, DM basis) to meet NRC recommendations for BW gain during early gestation or a nutrient-restricted diet of millet straw (NR; 9.9% CP, 54.5% IVDMD, DM basis) to provide 68.1% of NE m and 86.7% of MP estimated requirements. On d 125 of gestation, 10 CON and 10 NR cows were killed and necropsied. Five remaining CON cows received the CON diet, and 5 NR cows were realimented with a concentrate supplement (13.2% CP, 77.6% IVDMD, DM basis) and the CON hay to achieve a BCS similar to CON cows by d 220 of gestation. Remaining cows were necropsied on d 245 of gestation. Cow BW and eviscerated BW (EBW) were less (P < 0.01) for NR than CON at d 125 but did not differ (P > 0.63) at d 245. Cows fed the CON diet had greater (P < 0.09) total gastrointestinal (GI) tract, omasal, and pancreatic weights. Stomach complex, ruminal, and liver weights were greater for CON than NR cows (P < 0.09) on d 125. Total GI, stomach complex, and pancreatic weights increased (P < 0.001) with day of gestation. Restricted cows had decreased (P = 0.09) duodenal RNA:DNA compared with CON. Duodenal DNA was less (P = 0.01) and jejunal RNA:DNA (P = 0.09) was greater for cows at d 125 vs. 245. Cow jejunal capillary area density increased with day of gestation (P = 0.02). Fetal BW and EBW were unaffected by dietary treatment (P ≥ 0.32). Total GI tract and all components increased in mass with day of gestation (P < 0.001). Fetuses from NR dams had greater (P = 0.003) reticular mass at d 245 than CON fetuses. Fetuses from NR cows had greater (P = 0.02) percent jejunal proliferation at d 125 and greater (P = 0.03) total intestinal vascularity (mL) at d 245. Fetal jejunal DNA decreased (P = 0.09), RNA:DNA increased (P = 0.05), and total jejunal proliferating cells increased (P < 0.001) with day of gestation. Jejunal capillary area density, number density, and surface density were greater (P < 0.008) during late gestation. Results indicate that maternal and fetal intestines undergo changes during gestation, which can be affected by nutrient restriction and may partially explain differences observed in fetal development and postnatal performance.
INTRODUCTION
Beef cows are often undernourished during gestation due to limiting forage quality and quantity. In many species maternal undernutrition during gestation can cause intrauterine growth restriction (IUGR), resulting in impaired development and potential long-term consequences (Godfrey and Barker, 2000; Wu et al., 2006) even when birth weight is unaffected Martin et al., 2007; Larson et al., 2009 ). Intestinal tissues are responsive to IUGR, and these offspring have decreased small intestinal mass and length (Avila et al., 1989; Trahair et al., 1997; Wang et al., 2005) , altered intestinal villi morphology (Avila et al., 1989; Trahair et al., 1997) , reduced jejunal cellularity and vascularity , impaired maltase activity (J. Caton, K. Vonnahme, and L. Reynolds, unpublished data) , and an altered intestinal proteome (Wang et al., 2008) . Because the gastrointestinal (GI) tract serves as the main site for nutrient absorption while also being a major energy and nutrient sink due to its increased metabolic activity and rapid turnover, changes in maternal visceral organs during pregnancy may greatly affect the dam and fetus. The maternal GI tract responds to pregnancy status and nutritional level during gestation (Scheaffer et al., 2004a,b; Reed et al., 2007) , suggesting that the dam may compensate for nutritional insults, thus sparing her offspring. Unfortunately, most of the relevant research in this area has been conducted in animal models other than beef cattle. Therefore, we hypothesized that the bovine maternal and fetal GI tissues would be responsive to advancing stage of gestation and to nutrient restriction during early to mid-gestation, even when cows were managed to be in similar body condition near term. Our specific objectives were to evaluate effects of maternal nutrient restriction and stage of gestation on maternal and fetal visceral organ mass and indices of jejunal growth and vascularity in beef cows.
MATERIALS AND METHODS
This study was conducted at the University of Wyoming Animal Science Livestock Center. All animal care and handling procedures were approved by the Institutional Animal Care and Use Committee.
Experimental Design
Unsuckled multiparous Angus × Gelbvieh cows (n = 116, mean ± SEM; initial BW = 571 ± 63 kg; initial BCS = 5.4 ± 0.7; age 5.4 ± 0.7 yr) were synchronized for estrus using a progesterone insert (CIDR, Pfizer, Exton, PA) for 7 d with a PGF 2α injection (25 mg, Lutalyse, Pharmacia & Upjohn Co., Kalamazoo, MI) administered at CIDR removal. Cows were monitored for estrus every 12 h and artificially inseminated using semen from a single bull at 12 h after the onset of estrus.
Thirty days after breeding, cows were allocated by initial BW, BCS, and age to 1 of 2 nutritional treatments. Control (CON) cows were fed native grass hay (12.1% CP, 70.7% IVDMD; DM basis) fortified with vitamins and minerals at NRC (2000) recommendations for a mature cow to gain 0.72 kg/d during the first 125 d of gestation. Nutrient-restricted (NR) cows were fed millet straw (9.9% CP. 54.5% IVDMD; DM basis) to provide 68.1% of the NE m and 86.7% of the MP estimated requirements during the first 125 d of gestation (NRC, 2000) , in addition to minerals and vitamins at 50% of the amount provided to CON cows. Cows were blocked by BW into 10 pens per treatment (6 to 9 cows/pen) and weighed every 14 d to adjust the rations for changes in BW throughout the experiment. Rations were weighed and delivered daily to each pen, and there were no refusals.
On approximately d 80 of gestation, pregnancy was verified and fetal sexing was performed using transrectal ultrasound (Aloka 500 with a 5-MHz linear probe, Aloka, Wallingford, CT). Thirty cows (15 CON and 15 NR) gestating female fetuses were selected from this group (n = 1/block) for necropsy on d 125 (n = 10/ treatment) or 245 (n = 5/treatment) of gestation.
After necropsy of 10 CON and 10 NR cows on d 125 of gestation, remaining cows were combined into 5 pens per treatment and managed so that both treatments were in similar body condition by their necropsies at d 245. Cows in the CON treatment were fed the control diet to maintain a BCS of 5.75 from d 125 to 245 of gestation. The remaining NR cows were realimented with CON hay, 1.2 kg/d of a concentrate supplement (79.6% corn, 6.1% soybean meal, 5.3% sunflower meal, 4.2% molasses, 2.7% safflower meal, 1.6% dried skim milk, 13.2% CP, 77.6% IVDMD; DM basis), and CON minerals and vitamins. The realimentation diet was formulated to provide 2.15 Mcal more NE m /d than the control diet so that NR cows would achieve a BCS equal to their CON contemporaries by d 220 of gestation. On d 245 of gestation, 5 CON and 5 NR cows gestating female fetuses were necropsied.
Tissue Collection and Analyses
On the day of slaughter, cows were stunned with a captive bolt and exsanguinated. The gravid uterus was immediately collected, and the fetus was removed and weighed. Maternal and fetal viscera were removed, and the liver and pancreas were dissected from the viscera and weighed. The digestive tract was gently stripped of fat and digesta, and the stomach complex and intestines were dissected. The esophagus was removed from its entry at the dorsal sac of the rumen and abomasum from the intestine at the pyloric valve. The stomach complex was then divided into the reticulum, rumen, omasum, and abomasum, and each component was weighed. Demarcations of the duodenum, jejunum, ileum, cecum, and colon were made as described by Soto-Navarro et al. (2004) , and weight and length of the small and large intestines were recorded.
Cellularity Estimates. Maternal and fetal duodenum and jejunum were harvested and preserved for RNA, DNA, and protein analysis as described previously (Scheaffer et al., 2003) . Samples were wrapped in foil, snap-frozen in liquid nitrogen, and stored at −80°C (Reynolds et al., 1990; Reynolds and Redmer, 1992) . Tissues were then thawed and homogenized before being analyzed for DNA and RNA using diphenylamine (Johnson et al., 1997) and orcinol procedures (Reynolds et al., 1990) and for protein using Coomassie brilliant blue G (Bradford, 1976) with bovine serum albumin (Fraction V, Sigma Chemical, St. Louis, MO) as the standard (Johnson et al., 1997) . Concentration of DNA was used as an index of hyperplasia, with protein:DNA and RNA:DNA ratios used as indexes of hypertrophy (Swanson et al., 2000; Scheaffer et al., 2003; Soto-Navarro et al., 2004) .
Jejunal Proliferation. Fresh jejunal tissue samples (5 to 10 g) collected at slaughter from the same location as those for vascularity analysis were immersion-fixed in Carnoy's solution (60% ethanol, 30% chloroform, 10% glacial acetic acid). Tissues were embedded in paraffin (Reynolds and Redmer, 1992) ; then, 5-μm tissue sections were cut, mounted on glass slides, and prepared for staining procedures (Fricke et al., 1997; Scheaffer et al., 2003; Soto-Navarro et al., 2004) . The prepared tissues were treated with a blocking buffer of PBS and 1.5% normal horse serum (Vector Laboratories, Burlingame, CA), then incubated with mouse antiproliferating cell nuclear antigen monoclonal antibody (Clone PC-10, Roche Diagnostics Corp., Indianapolis, IN) at 1 μL/mL of blocking buffer. Primary antibody was detected using a biotinylated secondary antibody (horse anti-mouse IgG, Vectastain, Vector Laboratories) and Avidin-Biotin Complex system (Vectastain, Vector Laboratories). Nuclear Fast Red was used as a counterstain to visualize unlabeled nuclei. Cellular proliferation was quantified using Image-ProPlus 5.0 software (MediaCybernetics Inc., Silver Spring, MD).
Jejunal Vascularity. A 150-cm section of jejunum was immediately removed for vascular perfusion according to Soto-Navarro et al. (2004) . Jejunal tissue was perfusion fixed with Carnoy's solution (60% ethanol, 30% chloroform, 10% glacial acetic acid), followed by perfusion with a vascular casting epoxy resin [Mercox; 0.8 mL of catalyst:5 mL of diluent (methyl methanylate):5 mL of resin; Ladd Industries, Williston, VT]. Cross-sections of perfused intestinal tissue were processed as above, and 5-μm tissue sections were stained using periodic acid-Schiff's (Luna, 1968) staining procedures to contrast the vascular tissue. Mean capillary area, number, and circumference measurements were made in the intestinal villi using the Image-Pro Plus software and were used to calculate capillary area density, capillary number density, capillary surface density, and area per capillary.
Jejunal Villi Morphology. Jejunal morphology was determined on histological sections by computerized image analysis as described previously (Jin et al., 1994) . A total of 20 villi and their associated length, width, and crypt depth were measured for each animal.
Calculations. Stomach compartment weights were added to determine stomach complex weight and total digestive tract weight was calculated by adding all stomach and intestinal weights. Eviscerated BW (EBW) was considered to be the maternal BW minus the gravid uterus and viscera or the fetal BW minus viscera.
Total intestinal cell number was calculated by dividing the estimated total DNA by 6.6 × 10 −12 g (Baserga, 1985) . Total intestinal cell number was then multiplied by percentage of proliferating nuclei to determine number of proliferating nuclei (Zheng et al., 1994) .
Capillary area density was determined by dividing the total capillary area (μm 2 ) by the area of tissue analyzed (μm 2 ) and multiplying by 100 to express vascularity as a percentage (Scheaffer et al., 2004a; Soto-Navarro et al., 2004) . Capillary number density was calculated by dividing the total number of vessels counted by tissue area (μm 2 ) and then multiplying by 1,000,000 to express the data as capillaries per millimeter squared. To estimate the capillary surface density (total capillary circumference per unit of tissue area), capillary circumference (μm) was divided by tissue area (μm 2 ). Although capillary surface density actually represents the circumference of the capillary cross-sections, it is nevertheless proportional to their surface area . Finally, area per capillary was determined by dividing total capillary area by capillary number and expresses area per capillary in μm 2 . Fetal total intestinal vascularity (mL) was calculated by multiplying the percentage of capillary area density by small intestinal tissue mass.
Statistical Analysis. Maternal and fetal data were analyzed as a 2 × 2 factorial design using the MIXED procedure (SAS Inst. Inc., Cary, NC). Day of gestation (d 125 vs. 245), maternal nutritional treatment (CON vs. NR), and their interaction were included as fixed effects in the model. Means were separated using the LS-MEANS option of SAS and were considered significant when P ≤ 0.10. In the absence of maternal nutritional treatment × necropsy day interaction main effects are reported; otherwise, interaction means are discussed.
RESULTS

Maternal Effects
Dry matter intake was greater for CON than NR cows during early to mid-gestation (7.9 vs. 5.3 ± 0.1 kg/d, P < 0.001). From d 125 to 245, DMI in both groups averaged 8.3 ± 0.2 kg/d.
Cow BW and Organ Mass. Nutrient restriction during early to mid-gestation and day of gestation interacted to affect cow BW (P = 0.05) and EBW (P = 0.01). As expected, NR cows had reduced (P < 0.001) BW and EBW compared with CON cows at d 125 (Table 1). After realimentation of NR cows from d 125 to 245, these differences were no longer observed (P > 0.63). Realimented NR cows had a BCS of 5.6, whereas CON cows had a BCS of 5.7 on d 192 of gestation as previously reported by Miller et al. (2004) . Cows in both treatments gained BW from d 125 to 245 (P < 0.03), although EBW of both treatments at d 245 was less (P < 0.08) than CON on d 125, but did not differ (P < 0.12) from NR cows on d 125 of gestation. Likewise, interactions (P ≤ 0.03) were present for cow BW change and ADG (data not shown). Specifically, BW change and ADG were less in NR compared with con-trols at d 125 (−43.4 vs. 31.7 ± 11.3 kg and −0.47 vs. 0.35 ± 0.10 kg for BW change and ADG, respectively). At d 245, BW change (5.6 vs. 17.1 ± 16.0 kg) and ADG (0.03 vs. 0.08 ± 0.147 kg) were similar in NR and CON cows, respectively. By design, cow age was similar between CON and NR treatments and averaged 6.0 ± 0.4 yr. Cows necropsied at d 125 were younger (P < 0.01) compared with d 245 cows (4.3 vs. 7.7 ± 0.7 yr); however, because cows were multiparious we expected minimal to no effect of cow age on data presented in the current study.
Effects of nutrient restriction and day of gestation were observed for total digestive tract weight (Table  1) , where tract weight of CON cows was greater (P = 0.005) than NR cows, and cows at d 245 had heavier (P < 0.001) tracts than at d 125. When expressed per unit of EBW, total digestive tract mass was similar (P = 0.73) among treatments but increased (P < 0.001) with advancing day of gestation.
There were nutrient restriction during early to midgestation × day of gestation interactions for stomach complex (P = 0.08) and ruminal (P = 0.004) weights (Table 1 ). Both the entire stomach complex and rumen weighed less for NR than CON on d 125 (P < 0.001), but were similar (P > 0.26) among treatments at d 245. Reticular (P < 0.001), omasal (P = 0.005), and abomasal (P = 0.06) mass (Table 1) were greater at d 245 compared with d 125, and omasal weight was less (P = 0.003) in NR compared with CON cows. Growth of the stomach complex was disproportionate to EBW gain, as entire stomach complex (P < 0.001), reticular (P = 0.002), ruminal (P < 0.001), and omasal (P = 0.03) weights were greater per unit of EBW at d 245 than 125. A nutrient restriction × day of gestation interaction was observed for the abomasum, where mass per unit EBW increased (P = 0.004) with day of gestation for CON cows and was greater (P = 0.04) for NR than CON cows at 125.
Cow small and large intestinal weights (Table 1) , when expressed alone or per unit of EBW, were not affected (P > 0.10) by nutrient restriction or day of gestation. Although there were no differences (P > 0.20) in intestinal length as total centimeters, when expressed as centimeters per unit of EBW, NR had greater (P = 0.05) small intestinal length than CON cows.
Nutrient restriction and day of gestation interacted (P < 0.001) to affect cow liver weight (Table 1) . On d 125, liver weight from NR cows were less (P < 0.001) than those of CON cows, but liver weight did not differ (P > 0.22) between treatments at d 245. Pancreatic mass (Table 1) was greater (P = 0.08) for CON than NR cows and increased (P < 0.001) with day of gestation. As a proportion of EBW, both liver and pancreatic mass were greater (P < 0.001) at d 245 than 125.
Intestinal Cellularity, Proliferation, Vascularity, and Morphology. There were no interactions (P > 0.13) of nutrient restriction and day of gestation for cow intestinal cellularity, proliferation, vascularity, and morphology (Table 2 ). Duodenal RNA:DNA was less (P = 0.09) in NR compared with CON cows, indicating reduced synthetic capacity (Table 2) . Cow duodenal DNA was greater (P = 0.01), whereas RNA:DNA (P = 0.06) and protein:DNA (P = 0.04) were less with advancing gestation. Jejunal RNA (P = 0.02) and RNA:DNA (P = 0.09) were also greater at d 125 vs. 245.
There were no differences (P > 0.43) in maternal jejunal proliferation or vascularity due to nutrient restriction during early to mid-gestation. Percentage of cells proliferating was similar on d 125 and 245 of gestation (Table 2) . Cow jejunal capillary area density increased (P = 0.02) and area per capillary tended (P = 0.12) to increase with day of gestation, although there were no differences (P > 0.58) in capillary number or surface density (Table 2) . Jejunal villi length, villi width, and crypt depth (Table 2) were not affected (P > 0.20) by nutrient restriction or day of gestation.
Fetal Effects
Fetal Weight and Organ Mass. There was no effect (P ≥ 0.32) of maternal nutrient restriction during early to mid-gestation on fetal BW or EBW, although both increased (P < 0.001) with advancing gestation (Table 3) . Fetal total digestive tract mass (Table 3) , when expressed alone or per unit of EBW, was greater (P < 0.001) at d 245 than 125 but was unaffected (P > 0.87) by maternal nutrient restriction. A maternal nutrient restriction × day of gestation interaction (P < 0.07) was observed for reticular and omasal mass (Table 3) , but the omasal mass interaction appears to be caused by the magnitude of difference between d 125 and 245 of gestation because treatments do not differ within either day. Fetuses from NR dams had greater (P = 0.003) reticular mass than CON at d 245, although no effects (P > 0.92) of maternal nutrient restriction were detected at d 125. Fetal stomach complex, ruminal, abomasal, and omasal weights (Table 3 ) increased (P < 0.001) with day of gestation. When expressed as a proportion of EBW, there were also significant interactions of maternal nutrient restriction and day of gestation caused by magnitude for stomach complex and ruminal mass. This indicates that treatments responded similarly at each day of gestation; thus, only the main effect of day was discussed. Proportional mass of fetal stomach complex and all individual components (except the abomasum) decreased (P < 0.001) with advancing gestation.
Fetal small and large intestinal weights and lengths (Table 3 ) increased (P < 0.001) with day of gestation, but were unaffected (P > 0.48) by maternal nutrient restriction during early to mid-gestation. Although there was no effect (P > 0.64) of nutrient restriction or day of gestation on small intestinal weight per unit of EBW, large intestinal weight per unit of EBW was greater (P < 0.004) at d 245 than 125. Both fetal small and large intestinal length decreased (P < 0.001) per unit of EBW with advancing gestation. Fetal liver and pancreatic mass (Table 3 ) increased (P < 0.001) with day of gestation, but were unaffected (P > 0.22) by maternal nutrient restriction. When expressed per unit of EBW, liver weight decreased (P < 0.001) with advancing day of gestation, whereas pancreatic weight was unaffected (P > 0.30) by maternal nutrient restriction or day of gestation.
Intestinal Cellularity, Proliferation, and Vascularity. There was no effect of maternal nutrient restriction during early to mid-gestation (P > 0.15) on fetal duodenal or jejunal cellularity estimates (Table 4) . Fetal jejunal DNA decreased (P = 0.09) and RNA:DNA (P = 0.05) increased with advancing gestation.
Fetal jejunal cell proliferation (Table 4) was affected (P = 0.08) by the interaction of maternal nutrient restriction and day of gestation. Fetuses from NR cows had greater (P = 0.02) percentage proliferating nuclei than CON at d 125 of gestation, whereas there were no differences (P = 0.73) at d 245. Although there was no effect (P > 0.49) of maternal nutrient restriction during gestation, fetal total intestinal cells and total intestinal proliferating nuclei (Table 4) were greater (P < 0.001) at d 245 than 125.
Capillary area density, capillary number density, and capillary surface density (Table 4 ) of the fetal jejunum increased (P < 0.008) with day of gestation. Although these measures were unaffected (P > 0.22) by maternal nutrient restriction during early to mid-gestation, there was a maternal nutrient restriction × day of gestation interaction (P = 0.08) for total intestinal vascularity (mL , Table 4 ). Fetuses from both treatments had similar (P = 0.98) vascular volume at d 125, whereas fetuses from NR cows had greater (P = 0.03) vascular volume than those from CON cows on d 245.
DISCUSSION
Maternal Effects
Cow BW and Organ Mass. Per experimental design, cows that were NR during early to mid-gestation weighed less than CON-fed cows at d 125 and then had similar BW and BCS at d 245 of gestation after realimentation. Even though the BW increase observed from d 125 to 245 in both treatments suggests that cow nutrient requirements were met during this stage of gestation, the decrease in EBW of CON-fed cows from d 125 to 245 demonstrates that BW gain of the gravid uterus may have been partially at the expense of maternal tissue. Cows used in this study may have had greater energy requirements due to genetics, fetal growth potential, or environmental factors such as ambient temperature or wind than NRC requirements used to formulate treatment diets (NRC, 2000) . It has also been hypothesized that gestating animals have an anabolic phase of growth in early gestation followed by a catabolic phase in late gestation (Naismith and Morgan, 1976; Robinson, 1986) , and thus CON-fed cows in this study may have accreted tissue by d 125 of gestation, some of which was catabolized between d 125 and 245, resulting in decreased EBW.
It has been hypothesized that because the GI tract uses such a disproportionate amount of energy and nutrients compared with its size (Ferrell, 1988) , its mass is responsive to dietary changes (Koong et al., 1985; Burrin et al., 1990; Johnson et al., 1990 ) and physiological state (Johnson et al., 1990; Scheaffer et al., 2001; Caton et al., 2009 ). In agreement with previous studies in beef heifers (Scheaffer et al., 2001 ) and ewes (Scheaffer et al., 2004b; Reed et al., 2007; Caton et al., 2009) , visceral organ weights were responsive to changes in nutrient intake and gestational stage in the current study, although nutrient restriction and its interaction with day of gestation affected maternal viscera weight to a lesser extent than did gestational stage.
In the current study, CON-fed cows had greater total GI tract, omasal, and pancreatic mass than cows that were restricted during early to mid-gestation and then realimented. Restricted cattle and sheep in previous studies have also had decreased GI mass when gestating (Scheaffer et al., 2004b; Reed et al., 2007; Carlson et al., 2009 ) and growing (Burrin et al., 1990; Johnson et al., 1990; Swanson et al., 2000) . Nutrient restriction may have had less effect on mature cows in the current study and mature ewes in Scheaffer et al. Restricted cows also had less stomach complex, ruminal, and liver weights (g), but greater proportional abomasal weight (g/kg of EBW) at d 125 than CON-fed cows. Stomach complex and ruminal weights increased as cows were realimented, and all were then similar to those of CON-fed cows at d 245 of gestation. This is in contrast to work of Carlson et al. (2009) , in which ewe lambs that were NR during mid-gestation then fed to requirements during late gestation still had less stomach complex, ruminal, and liver mass than CON ewes near term. Restricted cows in the current study were realimented above 100% of their requirements to achieve a similar BCS to CON-fed cows and were fed this diet for a longer period, which could have allowed the previously restricted cows to regain mass by d 245.
Cows that were NR during early to mid-gestation then realimented had similar proportional visceral organ mass (except for the abomasum) to cows that were CON-fed, suggesting that organ mass followed BW in this study. This is in contrast to work by Carlson et al. (2009) in which ewes that were restricted during midgestation had greater proportional pancreatic, liver, stomach, reticular, and small and large intestinal mass than CON ewes near term. Previous reports of proportional energy use by the portal-drained viscera after restriction have also been conflicting. As a proportion of whole body use, portal-drained viscera energy has been observed to remain similar as intake changes in ruminants and swine (Johnson et al., 1990) , whereas decreased oxygen consumption as a proportion of whole Capillary surface density = (total capillary circumference/tissue area evaluated) × 10.
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Total intestinal vascularity = capillary area density (%) × small intestinal weight (g).
body consumption due to nutrient restriction has also been reported (Burrin et al., 1989) . No differences in small or large intestinal weight were observed in the current study, except that CON-fed cows had proportionally shorter small intestines (cm/ kg of EBW) than cows that were restricted then realimented. Proportional length differences indicate that small intestinal length was conserved while BW decreased.
In agreement with the current study, Carlson et al. (2009) also found no differences in the weight of the maternal small intestine or any of its sections in ewes restricted during mid-gestation and CON ewes, although small intestinal mass was decreased in ewes that were restricted during late gestation alone (Carlson et al., 2009) or both mid-and late gestation (Scheaffer et al., 2004b; Reed et al., 2007; Carlson et al., 2009 ). Large intestinal mass was decreased in restricted ewe lambs Carlson et al., 2009 ), but not in restricted mature ewes (Scheaffer et al., 2004b) .
Data from the current and previous studies suggest that small intestinal mass is less responsive to nutrient restriction in early or mid-gestation than throughout or only in late gestation. The great increase in fetal nutrient requirements during late gestation may cause the maternal digestive tract to become more efficient under restriction, whereas earlier restriction takes place during decreased fetal demands.
Changes in the mass and function of visceral organs during gestation in ruminant animals have been investigated for decades, but are still not fully understood. In early work by Ferrell et al. (1976) , there were no differences in offal weight or composition between pregnant and nonpregnant heifers, whereas the current study and others have reported differences in visceral organs during pregnancy. Cows in the current study had increased actual (g) abomasal and actual and proportional (g and g/kg of EBW) total GI tract, stomach complex, reticular, ruminal, omasal, and pancreatic weights with advancing gestation, whereas no differences were observed in small or large intestinal mass due to day of gestation in contrast to previous studies. Scheaffer et al. (2001) observed duodenal weight of heifers to increase linearly during gestation, whereas total small intestinal weight only increased proportionally (g/kg of EBW) from d 40 to 120. In another study, mature ewes had greater jejunal and proportional total GI tract mass at d 90 than d 130 of gestation, but no difference in the total small intestine, stomach complex, or large intestine (Scheaffer et al., 2004b) . Although pancreatic and liver mass at d 130 of gestation was greater than at d 50 and 90 and large intestine was greater at d 90 and 130 than 50, stomach and small intestine of CON and overfed ewe lambs either decreased as gestation progressed or showed no change . Differences between the current study and results of Caton et al. (2009) and Scheaffer et al. (2001 Scheaffer et al. ( , 2004b could be due to species, diet consumed, or age and parity of females used.
In the current study, liver weight of CON-fed cows was similar between d 125 and 245, suggesting that any changes that took place in liver size happened in early gestation. This is in contrast to previous data in which liver weight was greater in late than mid-gestation for heifers (Scheaffer et al., 2001) , ewe lambs , and mature ewes (Scheaffer et al., 2004b) , and hepatic oxygen consumption increased with day of gestation in mature ewes (Freetly and Ferrell, 1997) .
Visceral organ weight may increase as gestation progresses due to increasing nutrient flux from increased fetal demand (Freetly and Ferrell, 1998; King, 2000; NRC, 2000) and increasing systemic blood flow and volume (Rosenfeld, 1977; Freetly and Ferrell, 1997; Woelkers, 2004) in the pregnant female. Ferrell (1988) suggested that much of the increase in energy requirements of gestating ruminants is due to greater organ workload during pregnancy. Increased metabolic work and nutrient load may necessitate increased visceral organ mass during gestation to perform such functions. Scheaffer et al. (2004b) observed greater liver (g), stomach complex (g and g/kg of metabolic BW), jejunal (g and g/kg of MBW), ileal (g), small intestinal (g and g/kg of metabolic BW), and total GI tract (g/kg of EBW) mass in pregnant compared with nonpregnant ewes. However, it is still unclear how maternal visceral organs change during gestation to compensate for the metabolic changes occurring during pregnancy and what factors influence this (age, diet, fetal number).
Intestinal Cellularity, Proliferation, Vascularity, and Morphology. Despite a lack of differences in small intestinal mass, cellularity estimates of the duodenum and jejunum were affected by day of gestation. Greater duodenal hypertrophy was observed for CON-fed cows than cows that were NR during early to mid-gestation and realimented (RNA:DNA). Later in gestation there was increased duodenal hyperplasia (DNA) and decreased duodenal (RNA:DNA and protein:DNA) and jejunal hypertrophy (RNA:DNA). Although Swanson et al. (2000) observed no differences in intestinal DNA, RNA, or protein concentrations in wethers with low or high intake, increases in duodenal RNA have been observed in response to increased quantity of intake in growing animals (Burrin et al., 1992) . Differences in intestinal cellularity due to intake have also been reported in gestating ewes, where NR ewes have had decreased jejunal protein concentration and protein:DNA ratio in late gestation and decreased duodenal protein and jejunal DNA in mid-gestation (Scheaffer et al., 2004a) . Carlson et al. (2009) reported gestational nutrition to affect jejunal DNA and jejunal mucosal DNA and RNA, although no differences were observed when ewes were restricted only during mid-gestation.
Gestational effects upon intestinal cellularity have also been observed in ruminants. Whereas Caton et al. (2009) found no effect of gestational day, Scheaffer et al. reported pregnancy to increase jejunal DNA in heifers (Scheaffer et al., 2003) and decrease duodenal pro-tein and protein:DNA in ewes (Scheaffer et al., 2004a) . In agreement with the current study, duodenal DNA was greater in late than mid-gestation, but conversely, a linear increase was observed for duodenal RNA:DNA (Scheaffer et al., 2003) .
No differences in jejunal proliferation were observed due to nutrient restriction, in agreement with previous studies in growing (Swanson et al., 2000) or gestating (Scheaffer et al., 2004a; Reed et al., 2007; Carlson et al., 2009) ruminants. In agreement with the current study, previous research in ewes has observed no difference in jejunal proliferation due to pregnancy status (Scheaffer et al., 2004a) or day of gestation . Conversely, Scheaffer et al. (2003) reported that heifers had greater total proliferating nuclei area in late than mid-gestation. Intestinal tissue of heifers that are growing themselves while also gestating fetuses may react differently to the increased nutrient needs of pregnancy, which may explain differences in cellularity and proliferation between this and the current study.
Vascularization of the jejunum was not affected by maternal nutrient restriction during early to mid-gestation in this study, in agreement with Carlson et al. (2009) . Ewes restricted in mid to late gestation had increased jejunal vascularity (Scheaffer et al., 2004a) or decreased jejunal vascularity in conjunction with upregulation of mRNA expression of angiogenic factors and receptors of the vascular endothelial growth factor (VEGF) and neuropilin systems . Thus, it is unclear if and by what mechanisms nutrient restriction affects vascularization of the intestine.
Jejunal capillary area density was 23% greater at d 245 compared with 125 of gestation, driven by a 22% increase in area per capillary rather than an increase in number of capillaries. The observed increase in vascularity suggests that even though small intestinal mass did not change with advancing gestation, the maternal system may have dealt with the increase in fetal nutrient requirements of late gestation by increasing blood flow to the intestine. This is supported by previous work in which percentage of jejunal vascular area was greater in pregnant ewes (Scheaffer et al., 2004a) and capillary area density, area per capillary, and total jejunal vascularity were greater in late compared with mid-gestation ewes . Recent data from our laboratory suggest that mRNA expression of angiogenic factors and receptors may change with physiological state (parturition vs. lactation) in the maternal intestine (Meyer et al., 2009) . Therefore, these systems may also play a role in changes of the maternal intestine associated with stage of gestation, although this has not been studied to our knowledge.
No morphological changes were observed in the maternal jejunum. Although lambs on increased intakes tended to have greater crypt depth and villus length in one previous study (Swanson et al., 2000) , no differences have been observed in crypt depth of heifers due to pregnancy or day of gestation (Scheaffer et al., 2003) .
Results of this study indicate that nutrient restriction during early to mid-gestation decreases stomach complex, liver, and pancreas mass in the multiparous beef cow, with few effects on small intestinal mass, growth, or vascularity. Maternal visceral organ and intestinal changes observed in this study due to stage of gestation give more insight into how the maternal system changes during pregnancy to accommodate fetal growth. Further research is necessary to elucidate mechanisms by which the maternal viscera compensate for the metabolic changes of gestation and what factors influence these (age, diet, fetal number).
Fetal Effects
Fetal Weight and Organ Mass. Maternal nutrient restriction in early to mid-gestation had no effect upon fetal weight in the current study, which was in agreement with previous work in beef cows (Freetly et al., 2000 (Freetly et al., , 2008 . Although maternal nutrient restriction during mid to late gestation (Freetly et al., 2005) or the last third of gestation has reduced birth weight in beef cattle (Corah et al., 1975; Bellows and Short, 1978; Houghton et al., 1990) , this has also been variable (Hough et al., 1990; Martin et al., 2007) . When ewes have been restricted in early to mid-gestation, fetal weight from d 78 to 90 of gestation has been reduced in some studies (Trahair et al., 1997; Vonnahme et al., 2003; Luther et al., 2007) , whereas fetal weight near term has not (Carlson et al., 2009 ). Species differences seem to exist, even among ruminants, in the sensitivity of fetal weight to nutrient restriction in mid-gestation, which may occur due to species differences in timing of placental development and vascularization .
Maternal nutrient restriction during early to midgestation also had little effect upon fetal visceral organ growth in the current study. Fetuses from NR and realimented cows had greater reticular mass at d 245 than those from CON-fed cows, even though no difference was observed at d 125, suggesting that fetal organ growth rate may have been accelerated due to realimentation of previously restricted dams. Accelerated or compensatory fetal organ growth rate may have occurred due to increased efficiency of nutrient usage by the dam or the fetus, or both, after maternal restriction. Reduced stomach complex and liver mass reported for cows after nutrient restriction in this study, combined with decreased heat production observed during extended nutrient restriction (Freetly et al., 2006) , probably resulted in reduced maintenance requirements. Less nutrients being used for maintenance may have allowed more nutrients to be partitioned to fetal growth in realimented cows compared with their CON-fed counterparts. Researchers have observed increased efficiency of BW gain in heifers (Freetly et al., 2005 ) and increased energy retention in cows (Freetly et al., 2008 ) that were realimented in the last third of gestation after nutrient restriction during mid-gesta-tion. Although this was largely attributed to maternal accretion, conceptus energy retention may have become more efficient. In addition, restricted and realimented cows from the current study had greater placental efficiency than CON-fed cows at d 245 of gestation Zhu et al., 2007) , which may have also provided increased nutrients for fetal growth upon realimentation.
Maternal nutrient restriction of ruminants during early to mid-gestation has had variable effects upon fetal GI tissues. Fetal small intestinal and total GI tract mass (Trahair et al., 1997) and liver mass (Vonnahme et al., 2003) have been decreased by mid-gestation in restricted ewes. Additionally, total GI tract, stomach complex, small intestinal, liver, and pancreatic mass have been reduced in fetal lambs from dams restricted during mid-and late gestation . In agreement with the current study, however, ewes restricted only in mid-gestation had fetuses with similar gut, liver, and pancreatic mass to their control counterparts .
Differences in visceral organ mass response to maternal nutrient restriction during early to mid-gestation, such as in this study, and to maternal restriction during the last third or the entirety of gestation likely lay in different developmental windows of the fetus and its organ systems (Fowden et al., 2006; Nathanielsz, 2006; Symonds et al., 2007) . Although each organ and tissue grows and develops at a unique rate, organogenesis generally occurs during early to mid-gestation, followed by rapid fetal growth in the last third of gestation (Fowden et al., 2006) . Thus, fetuses from dams restricted in early to mid-gestation may have had functionally altered GI organs that grew at a rate similar to their control contemporaries during late gestation.
As expected, all fetal visceral organs measured grew during gestation and had greater mass at d 245 than 125. Only the small intestine and pancreas had growth proportional to that of the fetus, as no differences were observed in mass per unit of EBW in these tissues. The total GI tract, stomach complex, reticulum, rumen, omasum, and liver had greater proportional weights (g/ kg of EBW) at d 125, suggesting that these organs grew more in early than in late gestation. Conversely, greater proportional weights (g/kg of EBW) were observed for the abomasum and large intestine at d 245, indicating that these organs grew faster than the fetal body in later gestation. Although rapid fetal and organ growth occurs in late gestation, GI tissues undergo important growth in perinatal period (Lyford, 1988; Sangild et al., 2000) . By collecting tissues at d 245 of gestation in this study, much of the very rapid late gestational increase in visceral organ size may have been missed, especially in the tissues with larger proportional mass at d 125.
Proportional small and large intestinal lengths (cm/ kg of EBW) were greater at d 125 than 245. This implies that even though small intestinal mass seemed to follow fetal body growth and large intestinal mass increased more than the fetal body in late gestation, both intestinal segments elongated at a greater rate in early gestation. In agreement with this study, the ovine fetal small intestine has been observed to elongate rapidly during early gestation (d 25 to 50), when it herniates into the vitelline stalk to allow for unrestrained growth (Trahair and Sangild, 2002) .
Intestinal Cellularity, Proliferation, and Vascularity. Maternal nutrient restriction during early to mid-gestation had no effect on fetal duodenal or jejunal cellularity, but did influence jejunal percent proliferation and total vascularity in this study. Fetuses from restricted cows had a greater proportion of jejunal nuclei proliferating at d 125 and a greater total intestinal vascularity at d 245 after realimentation of their dams. This suggests that the fetal intestine was becoming more efficient during nutrient restriction of the dam, which may have caused greater growth and vascularization of the tissue during her realimentation. Increased efficiency may again be due to greater efficiency of nutrient usage by the dam or offspring or both, as previously discussed. Additionally, fetal IUGR models such as hypoxia have demonstrated that the fetus may alter blood flow to various organs during development to attempt to rescue important tissues during development (Nathanielsz, 2006) , which may also explain the increased intestinal vascularization of fetuses from previously restricted dams.
In previous studies, maternal nutrient restriction in mid-and late gestation decreased fetal jejunal hypertrophy (protein:DNA) and total protein , caused no differences in fetal jejunal proliferation , decreased total proliferating jejunal cells in 180-d-old lambs , and decreased total jejunal microvascular volume and mRNA expression of soluble guanylate cyclase, a nitric oxide receptor involved in vasodilation and angiogenesis . Differences between previous work and the current study may have been caused by the maternal nutrient restriction occurring only during early to mid-gestation.
Day of gestation had more impact than maternal nutrient restriction during early to mid-gestation upon fetal intestinal cellularity, proliferation, and vascularity in this study. Although there were no differences in fetal duodenal cellularity estimates, fetal jejunum had greater hyperplasia (DNA) at d 125 but greater hypertrophy (RNA:DNA) at d 245. Additionally, despite the day of gestation and maternal nutrient restriction interaction that affected jejunal nuclei percent proliferation, within the main effect of gestational stage, proliferation was greater at d 125 than 245 of gestation. Greater hyperplasia and proliferation during mid-gestation are in agreement with previous work in which fetal lambs had the greatest intestinal cell proliferation at d 60 of gestation, as villi formation occurs in the gut (Trahair and Sangild, 2002) . Total proliferating intestinal cells increased with advancing gestation due to the dramatic increase in intestinal mass counteracting the decline in the proliferation rate.
Fetal jejunal capillary area density was greater at d 245 than 125, occurring through increased number of capillaries rather than increased area per capillary. The capillary surface density, or the surface available for nutrient exchange, also increased with day of gestation. As the fetal intestine prepares for birth and reliance upon enteral nutrition, development of its digestive and absorptive functions is stimulated by many factors, especially swallowing of amniotic fluid and fetal cortisol production (Sangild et al., 2000) . Holmes et al. (2008) recently demonstrated that vascularization of the intestine is also mediated by cortisol through its role in stimulating VEGF production. Although d 245 of gestation in cattle may be too early to observe VEGF upregulation caused by increased fetal cortisol, increased vascularity at d 245 in the current study suggests that the fetal intestine was undergoing increased angiogenesis as parturition neared.
Observed effects of maternal nutrient restriction on the fetal GI tract may help to explain some of the conflicting results in postnatal survival, growth, and feed efficiency of IUGR calves. It has been suggested that IUGR fetuses are born with an immature small intestine (Trahair et al., 1997; Greenwood and Cafe, 2007) , which may account for some of their decreased immune competence (Cronje, 2003) , survival (Wu et al., 2006) , and growth potential (Wu et al., 2006; Caton et al., 2007; Greenwood and Cafe, 2007) during early neonatal life. Although the small intestine and fetal weight was not affected by maternal nutrition, the intestine from fetuses of restricted dams appeared to compensate for this insult with increased proliferation and vascularization. This trajectory may or may not have resulted in a functionally normal or even enhanced intestine at birth if fetal growth had continued. Studies investigating IUGR in beef cattle have observed differences in postnatal growth with (Martin et al., 2007) and without (Greenwood and Cafe, 2007) altered feed efficiency, which could be due in part to intestinal differences, although these were not measured.
Continued research is necessary to determine how maternal nutrition during gestation affects offspring small intestine and how these changes may alter postnatal performance. This knowledge, combined with better understanding of developmental windows of the ruminant small intestine, will allow for optimal gestational nutrition management and the potential for intestinal therapies for IUGR offspring.
